In Part I, a novel hypoelastic framework for soft tissues was presented. One of the hallmarks of this new theory is that the well-known exponential behavior of soft tissues arises consistently and spontaneously from the integration of a rate based formulation. In Part II, we examine the application of this framework to the problems of biaxial kinematics, which are common in experimental soft-tissue characterization. We confine our attention to an isotropic formulation in order to highlight the distinction between nonlinearity and anisotropy. In order to provide a sound foundation for the membrane extension of our earlier hypoelastic framework, the kinematics and kinetics of in-plane biaxial extension are revisited, and some enhancements are provided. Specifically, the conventional stress-to-traction mapping for this boundary value problem is shown to violate the conservation of angular momentum. In response, we provide a corrected mapping. In addition, a novel means for applying loads to in-plane biaxial experiments is proposed. An isotropic, isochoric, hypoelastic, constitutive model is applied to an in-plane biaxial experiment done on glutaraldehyde-treated bovine pericardium. The experiment is comprised of eight protocols that radially probe the biaxial plane. Considering its simplicity (two adjustable parameters), the model does a reasonably good job of describing the nonlinear normal responses observed in these experimental data, which are more prevalent than are the anisotropic responses exhibited by this tissue.
Introduction
In-plane biaxial experiments constitute an important class of experiments used to study the mechanical response of soft biological tissues. In this paper, we re-examine this boundary value problem (BVP), bringing to it new insight. In particular, attention is given to the polar decomposition of the deformation gradient, the construction of kinematic rates from experimental data, and the mapping between stress and traction.
The isotropic hypoelastic model derived in part I [1] of this paper is modified for in-plane biaxial extension and is then applied to experimental data obtained from the author's (MSS) laboratory for glutaraldehyde-treated bovine pericardium-a tissue commonly used in bioprosthetic heart valves [2, 3] . This chemical treatment cross-links the tissue, making it stiffer, a by-product of reducing its immugenicity so as to mitigate a patient's need for anticoagulation therapy. Our objective is to explore what this simple model is, and is not, capable of achieving. Application of the anisotropic composite model (also derived in part I) to this experimental data set will be the topic of a future paper.
It is a well established fact that pericardium is a membranous tissue strengthened with an anisotropic distribution of collagen fibers [4, 5] . So why try to fit an isotropic model to an otherwise anisotropic material? The answer is twofold. First, as an aid to distinguish between whether a particular effect is nonlinear in origin, or anisotropic in origin. And second, to get an order-of-magnitude sense as to the error that one would likely be making if one were to use the simpler isotropic model, especially in preliminary analyses where parameters are likely to be assigned via engineering judgment. It turns out that this simple two-parameter model does remarkably well at describing the general stress/strain response of pericardium, but there is room for improvement, especially in correctly predicting the shear response.
The paper is organized as follows. The next section reviews the kinematics of in-plane biaxial extension, with new expressions given for the stretch and rotation tensors. Section 3 investigates the stress-to-traction map for this BVP. It is shown that the classic map violates the conservation of angular momentum-a flaw that is corrected. Also presented is a novel idea for loading an in-plane specimen to achieve a larger region of nearly uniform stress at its center. Section 4 configures the isotropic, hypoelastic, constitutive model for membrane analysis. Section 5 applies this model to glutaraldehyde-treated bovine pericardium. Section 6 provides a discussion of results, with Sect. 7 summarizing the paper. An Appendix describes a likelihood objective function that was used for parameter estimation, and the integration algorithm used herein.
Kinematics of in-plane biaxial extension
Sacks [6] and Sacks and Sun [5] have written review articles on in-plane, biaxial, test methods used by experimentalists in the field of soft-tissue mechanics, and Humphrey [7] has dedicated a chapter to it in his book (Chp. 5). The discussion presented here provides a somewhat more detailed analysis of the polar decomposition of this deformation, and it addresses those rate-related fields that are of interest when hypoelastic or viscoelastic constructions are to be employed. Holzapfel and Ogden [8] have analyzed the in-plane biaxial BVP from the viewpoint of hyperelasticity. They have shown that this experiment, by itself, is insufficient to completely characterize a three-dimensional (3D), anisotropic, isochoric, hyperelastic solid; it is only sufficient to characterize an isotropic, isochoric, hyperelastic solid in 3-space. Additional experiments are needed for a complete 3D characterization of anisotropic materials; in particular, ones with a through-thickness shear component are suggested, like cross-plane simple shear. This does not diminish the importance of planar experiments to the overall process of parameter estimation; rather, they point out the need for experimentalists to develop complementary, novel, experimental capabilities, like those of Dokos et al. [9] , so that complete 3D soft-tissue characterizations can become possible in the future.
In-plane biaxial experiments are, however, sufficient to completely characterize two-dimensional (2D) material models for membranes, and it is in this capacity that this BVP is utilized here.
Deformation
Consider a homogeneous deformation described by the BVP
where coordinates (X 1 , X 2 , X 3 ) locate the initial position of a mass point, while the coordinate functions (x 1 , x 2 , x 3 ) locate its current position. Parameters λ i and γ i represent the stretch and shear components, respectively, of the planar deformation shown in Fig. 1 . Shears arise naturally when testing soft tissues as their fibers attempt to align themselves with the principle loading directions by shearing the softer matrix material
